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We used outputs from climate models that participated in the fourth assessment (AR4) of the Intergovernmental Panel on Climate 
Change (IPCC) to evaluate the responses of the South Asian summer monsoon (SASM) and the East Asian summer monsoon 
(EASM) circulations to different warming over land and ocean under a medium warming scenario, SRES A1B. Our results suggest 
that, even though near-surface warming over the Tibetan Plateau (TP) is greater than that over the tropical Indian Ocean (TIO) 
and the northwestern Pacific (NWP), the upper-tropospheric land-sea thermal contrasts between the TP and the TIO (TP-TIO) and 
between the TP and the NWP (TP-NWP) will decrease. At interdecadal and longer time scales, the change in the SASM circula-
tion is consistent with the TP-TIO upper-troposphere thermal contrast. Conversely, the change in the EASM circulation is con-
sistent with the TP-NWP lower-troposphere thermal contrast. However, at the interannual time scale, both changes in the EASM 
and SASM are significantly correlated with the upper-troposphere thermal contrast. Further analyses suggest that increases in 
moisture and changes in cloud cover induced by global warming may cause amplified upper-tropospheric warming over the TP 
and the oceans resulting in inconsistent changes in the vertical temperature distribution over these regions. Because the warming 
over the TIO and NWP is greater than that over the TP, the TP-TIO meridional and TP-NWP zonal thermal contrasts will both 
decrease. However, at the lower layer, the difference in thermal capacity between land and sea result in a larger thermal effect in 
the near-surface region of the TP than those over the surrounding oceans. We showed that a range of factors that affect thermal 
conditions will likely cause changes in the Asian monsoon across a range of time scales under a warming scenario. These changes 
reflect differences in the influence of the greenhouse effect and natural variability. 
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Against the background of global climate change, changes 
in temperature can differ significantly over land and ocean 
due to differences in their thermal capacities. In the Asian 
monsoon region, the near-surface temperature rises more 
quickly on the Eurasian continent than that in the surround-
ing oceans, increasing the near-surface land-sea thermal 
contrast. Therefore, it can be theoretically deduced that the 
Asian summer monsoon circulation may strengthen as a 
result of global climate change. However, most climate 
models have shown that the South Asian summer monsoon 
(SASM) circulation may actually weaken, whereas the East 
Asian summer monsoon (EASM) circulation may strengthen 
[1–3]. A recent study [4] suggested that the relationship 
between the SASM circulation and land-sea thermal differ-
ences may change in the future. SASM circulation is pro-
jected to weaken because of a decrease in the land-sea 
thermal contrast in the upper-troposphere, which is in con-
trast to the increase in thermal differences in the near-surface 
layer. However, the reason for changes in the EASM circu-
lation remains unclear.  
The variation in thermal differences between the Eura-
sian continent and its surrounding oceans are an important 
driving force for the formation of the Asian summer mon-
soon. Given this, a number of researchers have studied their 
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influence. For example, land-sea differences in near-surface 
temperature [5,6], 200–500 hPa thickness [7,8], 200–500 hPa 
temperature [9], 200–1000 hPa thickness [10], and 500 hPa 
geopotential height [11] have been used to analyze the rela-
tionship between the Asian summer monsoon and changes 
in the land-sea thermal contrast. These studies have con-
cluded that the changes in the Asian monsoon are closely 
related to the changes in land-sea thermal contrasts at a 
range of time scales (seasonal, decadal, interdecadal). The 
strengthening (weakening) of the thermal contrasts between 
the Eurasian continent and the surrounding oceans generally 
corresponds to enhancement (weakening) of the Asian 
summer monsoon. In East Asia, such changes are related to 
zonal thermal differences between the Asian continent and 
the northwestern Pacific. Conversely, in South Asia, the 
changes are associated with meridional thermal differences 
between the Asian continent and the Indian Ocean. The 
thermal conditions in the Tibetan Plateau (TP) are deemed 
to have an important role therein.  
Despite these previous studies, it is clear that several is-
sues related to changes in the EASM have received little 
attention. These include the influence of differences in land- 
sea temperature increases and whether this influence differs 
from that in South Asia. An understanding of these proc-    
esses will aid projections of changes in the monsoon circu-
lation and the mechanisms driving such changes. To address 
this, we conducted a detailed analysis of changes in the 
EASM based on a study by Sun et al. [4] (hereafter referred 
to as SunGRL). We evaluated the influence of physical fac-
tors on changes in the EASM and SASM based on changes 
in the land-sea thermal contrast for a range of time scales.  
1  Data and methods 
We used outputs from the climate models that participated 
in the fourth assessment report (AR4) of the Intergovern-
mental Panel on Climate Change (IPCC) under a medium 
emission scenario, SRESA1B. Eight standards were estab-
lished for model selection to determine whether the models 
were adequate for simulating variables in the SASM, 
EASM, and TP regions (Table 1). These standards include a 
reasonable simulation of the correlation coefficients be-
tween monsoon indices and thermal differences in the upper- 
and lower-layers, and yield a desirable reproduction of the 
EASM and SASM circulation fields. Based on the outputs  
Table 1  Correlation coefficients among monsoon indices, TCupper, TClower, for models in East Asia (a) and South Asia (b)  




















Criteria >0.5 >0.1 <±30% <±30%  >0.5 >0.2 >0.2 <±30% 
CGCM3.1(T47) 0.51 0.17 −28.28 −1.61  0.77 0.47 0.41 15.61 
CGCM3.1(T63) 0.29 0.42 −27.01 −9.20  0.69 0.48 0.31 9.85 
CSIRO 0.67 0.10 −60.08 33.27  0.94 0.02 0.02 6.55 
GFDL-CM2.0 0.35 0.57 1.14 −27.27  0.80 0.20 0.38 −9.07 
GFDL-CM2.1 0.24 0.56 −19.17 −49.33  0.82 0.38 0.40 −11.71 
GISS-EH 0.32 −0.05 −15.59 −55.09  0.49 0.40 −0.25 −53.42 
GISS-ER 0.32 0.07 −23.22 −51.54  0.70 0.15 −0.14 −30.59 
FGOALS-g1.0 −0.06 0.24 4.77 −10.42  0.91 0.11 0.11 −43.60 
INM-CM3.0 0.82 0.12 −49.72 47.69  0.84 0.60 0.49 −18.41 
IPSL-CM4 0.60 0.10 −68.03 4.93  0.92 0.49 0.53 −27.88 
MIROC3.2(medres) 0.66 0.12 48.57 10.64  0.69 0.02 −0.12 −19.09 
MIROC3.2(hires) 0.46 0.06 37.45 −35.65  0.82 0.12 −0.02 −9.45 
MRI-CGCM2.3.2 0.82 −0.06 −31.96 −35.50  0.91 0.51 0.63 −4.82 
CCSM3 0.51 0.31 −14.09 −64.51  0.50 0.46 0.50 −21.57 
PCM 0.62 −0.02 −79.63 −20.75  0.82 0.45 0.51 10.17 
UKMO-HadCM3 0.51 −0.06 8.31 4.55  0.69 0.16 0.34 2.80 
(a) Correlation coefficients (columns 2 and 3) among JJA EAMI, TCupper, TClower anomalies (relative to 1980–1999 average) in 1951–2000 for IPCC 16 
models and percentage difference (columns 4 and 5) of JJA U850-EA, V850-EA between models and ERA40 in 1951–2002, and (b) Same as (a), but for correla-
tions (columns 6, 7 and 8) among June-July-August-September (JJAS) SAMI, TCupper, TClower anomalies and percentage difference (column 9) of JJAS U850 
averaged in the region (0°–20°N, 40°–100°E) between models and ERA40. Line 3 shows the criteria for model selection. The values passing the selection 
criteria are marked in bold black. The models meeting 6 or more selection criteria are shaded by grey areas. 
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from the 16 available models, we selected nine models that 
meet at least six standards. These include: CGCM3.1(T47), 
CGCM3.1(T63), GFDL-CM2.0, GFDL-CM2.1, INM-CM3.0, 
IPSL-CM4, CCSM3, PCM, and UKMO-HadCM3. When 
comparing results with the SunGRL study, the different 
model ensembles may explain both minor and major differ-
ences. Therefore, it is important to develop a set of reasona-
ble metrics for model selection to allow comparison of cli-
mate projections between different studies and different 
regions. The use of uniform metrics is an important issue 
for future climate change research. 
The monthly data from the nine climate models for 
20C3M and SRESA1B were interpolated onto grid points of 
2.5°×2.5° then converted to an arithmetic average. Detailed 
information on the models is available at http://www-pcmdi. 
llnl.gov/ipcc/about_ipcc.php or in Meehl et al. [12]. In addi-
tion, NCEP and ERA40 reanalysis data were used to evalu-
ate the ability of the models to simulate the current climate. 
This paper is primarily focused on the results from the 9- 
model ensemble. Therefore, issues surrounding model un-
certainty will not be discussed. 
We used the SASM index defined by Webster and Yang 
[13] and also applied in the SunGRL paper. The index de-
scribes the differences between 850 hPa (U850) and 200 hPa 
(U200) zonal winds averaged in the region 0°–20°N, 
40°–100°E and is expressed as SAMI=U850 – U200 (0°–20°N, 
40°–100°E). This index reasonably describes the thermal 
driving properties of the SASM and thus, indicates the im-
portance of horizontal thermal differences in monsoon evo-
lution. In the EASM region, there is a clear relationship 
between the meridional wind and the land-sea thermal con-
trasts. Therefore, we used the 850 hPa meridional wind 
(V850-EA), averaged in the region (10°–35°N, 110°–125°N), 
as an index of the EASM: EAMI=V850-EA (10°–35°N, 110°– 
125°N). Wang et al. [14] pointed out that some EASM in-
dices defined by different authors based on 850 hPa winds 
can indicate the changes in the EASM in a conventional 
sense. In addition, other indices are discussed in this paper, 
including changes in the 850 hPa zonal winds (hereafter 
U850-EA) averaged in the V850-EA region (10°–35°N, 110°– 
125°N) and the difference in SLP (hereafter DSLP) between 
the TP and the northwestern Pacific (NWP) (i.e. DSLP= 
SLP(TP)–SLP(NWP)).  
We calculated the changes in land-sea thermal contrasts 
in the upper- and lower-troposphere, respectively. We se-
lected the TP, the tropical Indian Ocean (TIO), and the 
NWP to represent three important areas (Figure 1). The upper- 
tropospheric thermal contrasts were calculated using a 200– 
500 hPa thickness, while the lower-tropospheric thermal 
contrasts were calculated using the near-surface (2 m) tem-
perature over the TP and 500–850 hPa temperatures over 
the TIO and NWP. Thus, the upper- and lower-tropospheric 
thermal contrasts (hereafter TCupper and TClower) over these 
three areas can be expressed as  
TCupper (TP-TIO) = Thickness (200–500 hPa, TP) − Thick-     
ness (200–500 hPa, TIO) 
TClower (TP-TIO) = Temperature (near-surface [2 m], TP) − 
Temperature (500–850 hPa, TIO) 
TCupper (TP-NWP) = Thickness (200–500 hPa, TP) − Thick-      
ness (200–500 hPa, NWP) 
TClower (TP-NWP) = Temperature (near-surface [2 m], TP) − 
Temperature (500–850 hPa, NWP) 
in which TCupper (TP-TIO) and TClower (TP-TIO) are related 
to the changes in the SASM whereas TCupper (TP-NWP) and 
TClower (TP-NWP) are linked to changes in the EASM. For 
convenience, TCupper and TClower are used hereafter to rep-
resent the upper- and lower-tropospheric thermal differ-
ences over the TP-TIO and TP-NWP regions, respectively. 
Because this study is primarily focused on the relationship 
between the thermal contrasts and changes in monsoon cir-
culation (unless otherwise stated, the Asian summer mon-
soon refers to the monsoon circulation) changes in monsoon 
precipitation is not discussed.  
2  Changes in the Asian summer monsoon  
circulation and land-sea thermal differences  
under SRESA1B  
Figure 1 illustrates the 9-model mean 850 hPa winds and 
sea-level pressure (SLP) for the period 1980–1999. The 
models are generally able to reproduce the distribution of 
SLP and wind fields in Asia. Because the land is heated to a 
greater degree in the summer, it becomes significantly 
warmer than the oceans. The Eurasian continent is con-
trolled by thermal low pressure whereas the oceans are con-
trolled by high pressure systems. The thermal contrasts due 
to differences in the warming of the land and oceans drives 
the monsoon circulation, forming strong southwesterly 
winds flowing from the Indian Ocean to the Bay of Bengal, 
all the way to the northern South China Sea and then turn-
ing into East Asia and the western Pacific. The southwest-
erly winds affect the climate in East Asia with the southerly 
winds originating from the northwestern flank of the NWP 
anticyclone. These patterns illustrate that the models capture 
the major features of the Asian summer monsoon system 
and have the ability to simulate monsoon circulation and air 
pressure fields. In addition, we verified the models perfor-
mance in simulating the relationship between monsoon cir-
culation and the land-sea thermal contrasts. When compared 
with reanalysis of ERA40 and NCEP (Figure 1, comparison 
with NCEP data not shown), the 9-model ensemble under-
estimates the magnitude of the SAMI, EAMI, TCupper, and 
TClower. However, the models do reproduce the negative 
trends of these indices in the past 50 years. The 9-model 
mean linear trends (1951–2000) for EAMI and SAMI are 
−0.026 m s−1/decabe and −0.122 m s−1/decabe, respectively. 
Furthermore, five of the nine models reproduced the weak-
ening trend in the EASM (data not shown). This demon-
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strates that, compared with earlier climate models, the cur-
rent generation of climate models has improved simulation 
of the EASM. The models are also able to generally simu-
late the correlations among SAMI, EAMI, TCupper, and 
TClower. The correlation coefficients (r) are 0.33 (ERA40, 
1958–2002), 0.40 (NCEP, 1951–2000), and 0.51 (models, 
1951–2000) between EAMI and TCupper and 0.45 (NCEP), 
0.29 (ERA40), and 0.25 (models) between EAMI and 
TClower. The correlations between SAMI and TCupper are 
0.75 (NCEP), 0.73 (ERA40), and 0.71 (models). The corre-
lations between SAMI and TClower were 0.49 (NCEP), 0.41 
(ERA40), and 0.38 (models). Thus, the models generally 
captured the dynamic relationship between monsoon circu-
lation and the land-sea thermal contrast, and can be used to 
analyze the future changes in monsoon circulation and the 
relevant variables.  
Figure 2 illustrates the June-July-August (JJA) mean 
changes (relative to 1980–1999 average) in SAMI, EAMI, 
TCupper, and TClower over TP-TIO-NWP between 2000 and 
2099 under SRESA1B. In South Asia, the results are con-
sistent with the 7-model ensemble used in the SunGRL pa-
per. The changes in SAMI and TCupper are similar, in terms 
of the same long-term weakening trend and being closely 
correlated at interannual (r = 0.73) and interdecadal (r = 0.96)  
 
Figure 1  (a) IPCC 9-model mean June-July-August (JJA) sea level pressure (Pa, shaded area) and 850 hPa winds (m/s, arrows) for 1980–1999 (blank areas 
in wind fields represents geographical heights greater than 1500 m). (b) Monsoon index SAMI (m/s, black line), TCupper (gpm, red line) and TClower (K, blue 
line) in South Asia based on ERA40 (solid line) and IPCC 9-model means (dashed line) for 1951–2002, and (c) Same as (b), but for EAMI, TCupper and 
TClower in East Asia.  
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Figure 2  IPCC 9-model mean (a) JJA changes (relative to 1980–1999 average) in SAMI (m/s, black line), TCupper (gpm, red line) and TClower (K, blue line) 
for 2000–2099 in South Asia. (b) Same as in (a), but for EAMI (m/s, black line), TCupper and TClower in East Asia. (c) JJA changes in EAMI (m/s, black line), 
U850-EA (m/s, blue line) and DSLP (Pa, red line). Figure 2(a) was redrawn with IPCC 9 models based on Figure 2(a) in the SunGRL paper. 
time scales. In contrast, changes in SAMI are opposite those 
in TClower in the lower-troposphere (r = 0.35 and −0.48 at 
interannual and interdecadal time scales, respectively). This 
indicates that the influence of thermal differences on the 
SASM circulation is more significant in the upper-tropo-     
sphere than that in the lower-troposphere.  
In East Asia, the changes in TCupper and TClower follow an 
increasing and decreasing trend, respectively, which is sim-
ilar to the trends in South Asia. However, the EAMI will 
increase, which is consistent with TClower but opposite that 
in TCupper. The correlation coefficients at the interannual and 
interdecadal time scales are 0.01 and 0.74, respectively, 
between EAMI and TClower and 0.32 and −0.45, respectively, 
between EAMI and TCupper. Thus, the change in the EASM 
is primarily influenced by TClower at interdecadal and longer 
time scales, but is closely correlated with TCupper at the in-
terannual time scale. This suggests that the long-term 
changes in the EASM result primarily from the strengthen-
ing of TClower.  
To further investigate the changes in the EASM, we 
evaluated the temporal evolution of changes in DSLP, 
EAMI, and U850-EA (relative to the 1981–2000 average) 
(Figure 2(c)). There will be a negative trend in the DSLP 
over the TP-NWP area between 2001 and 2099, indicating 
an increased sea-land pressure gradient force along the East 
Asian coast (Note: The sea-land air pressure gradient force 
is oriented toward the land from the ocean, thus the negative 
trend implies a strengthened pressure gradient), and thus a 
weakening EASM. This may be caused by weakening of the 
SLP on the Eurasian continent because of rapid increases in 
near-surface temperature. At the interdecadal time scale, the 
DSLP is correlated more closely with TClower (r = −0.86) 
than with TCupper (r = 0.46), while at the interannual time 
scale, the correlation with TCupper (r = −0.71) is more signif-
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icant than with TClower (r = −0.28). These are consistent with 
those between EAMI and TCupper and TClower, i.e. the influ-
ence of lower-layer land-sea thermal differences is most 
evident at longer time scales whereas the influence of the 
upper-layer thermal differences is evident at the interannual 
time scale. The correlation coefficients between DSLP and 
EAMI (V850-EA) reveal a remarkable correlation at both in-
terannual (r = −0.59) and interdecadal (r = −0.81) time scales. 
Similarly, the correlation between DSLP and U850-EA is also 
significant (r = 0.66 and 0.76 at interannual and interdecadal 
time scales, respectively). Therefore, the strengthening 
(weakening) of the sea-land pressure gradient force corre-
sponds to strengthening (weakening) of both meridional and 
zonal components of the monsoonal winds. This suggests 
that the difference in the sea-land SLP gradient between 
NWP and TP is a good indicator of future changes in the 
EASM, which is consistent with past studies of the rela-
tionship between the EASM and the SLP gradient.  
Our analyses suggest that the changes in the EASM are 
more complex than those in the SASM. The changes in 
SASM are primarily affected by TCupper at a full range of 
time scales. In contrast, the EASM is correlated with TClower 
at interdecadal and longer time scales and with TCupper at the 
interannual time scale.  
3  Temperature changes in the TP-TIO-NWP 
under SRESA1B 
We evaluated the factors influencing the changes in mon-
soon circulation and land-sea thermal contrasts. The time- 
height cross-sections of temperature changes over the TP, 
TIO, and NWP and their linear trends between 2001 and 
2099 are illustrated in Figure 3. Under SRESA1B, the ver-
tical distribution of temperature change in these three areas 
is quite similar during this period. The warming in the upper- 
layer is clearly more rapid than that in the lower-layer, with 
a maximum centered around 150–300 hPa and a minimum 
around the lower-layer. The most intense warming occurred 
over the TIO (Figure 3(d), red line), with a linear trend of 
0.54 K/decade at 200 hPa. The temperature increase over 
the TP (black line) is relatively small (0.50 K/decade at  
150 hPa and 200 hPa). However, in the lower-layer, the 
near-surface warming trend (0.34 K/decade, orange solid 
line) over the TP is greater than that over the TIO and NWP 
at the same height. Thus, lower-tropospheric warming over 
the TP is more rapid than those in the TIO and NWP, while 
upper-tropospheric warming is slower than those over the 
TIO and NWP. The increasing trend of higher-layer thick-
ness over the TP, TIO, and NWP is 11.82 gpm/decade, 
13.00 gpm/decade, and 12.81 gpm/decade, respectively. 
Similarly, the trends in lower-layer temperature changes 
over these three regions are 0.34 K/decade, 0.31 K/decade, 
and 0.32 K/decade, respectively. These inconsistencies in 
temperature evolution with height likely explain differences 
in the change in TCupper and TClower in the Asian monsoon 
region. This also suggests that the links between monsoon 
circulation and tropospheric land-sea thermal differences 
will change across a range of time scales in the future.  
The latitude-height cross-sections of temperature changes 
(2080–2099 average minus 1980–1999 average) along the 
longitude (60°–100°E) and latitude (20°–40°N) belts over 
the TP are illustrated in Figure 4. The vertical distribution 
of temperatures changes over the TP, TIO, and NWP are 
quite similar. However, our data suggest that the greatest 
warming is centered over the equator along the cross-section 
of 60°–100°E (i.e. above the TIO). Along the cross-section 
of 20°–40°N, the warming center is near 300 hPa over the 
Pacific and the Atlantic oceans. Thus, in the lower-layer, the 
near-surface temperature rise on the TP is faster than those 
in other areas at the same height. This leads to the strength-
ening of land-sea thermal differences. However, in the up-
per-layer, the warming centers are all above the surrounding 
oceans, hence the thermal differences among TP, TIO and 
NWP will likely weaken. 
The changes in meridional thermal differences between 
the latitude belts over the TP and TIO (i.e. changes in the 
difference between the 20°–40°N average and the 10°S– 
10°N average) are illustrated in Figure 5. The meridional 
thermal differences between these two belts will likely 
weaken in the future, reflecting the decreased meridional 
thermal contrasts between the boreal tropics and subtropics 
in the upper-layer. The maximum of the weakening thermal 
contrasts is centered above the TP-TIO, almost covering the 
whole mid- and upper-troposphere (500–150 hPa). The 
changes in the zonal thermal differences between the longi-
tude belts over the TP and TWP (changes in the difference 
between the 60°–100°E average and the 120°–160°E aver-
age) suggest that the upper-layer thermal differences in the-
se two longitude belts will also weaken, with a maximum 
located over TP-NWP. In contrast to TP-TIO, the lower- 
layer thermal gradient over TP-NWP increases across a 
wider range, with a positive change centered over the TP. 
This suggests that the increase in the lower-tropospheric 
thermal differences in this area have a greater influence on 
the EASM. Thus, our data suggest that, associated global 
climate change, inconsistencies in the vertical temperature 
changes lead to thermal gradient changes along the longi-
tude and latitude belts over the TP. This process may be the 
primary driver of future changes in the Asian monsoon. 
Interestingly, the greatest warming centers in the upper 
layer are all located over surrounding oceans, even though 
the near-surface rise in temperature is highest in the TP. As 
pointed out in the SunGRL paper, a rapid increase in the 
global moisture content at a rate of ~7%/K (around 9%/K 
[15] as estimated in the models), will cause the release of 
latent heat and an increase in high cloud cover because of 
strengthening convection. In turn, this results in the regions 
of greatest warming being centered in the upper layer of the 
tropical oceans [16,17]. In the TP, the enhanced upper- 
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Figure 3  Time-height cross-section of JJA temperature changes (K, relative to 1980–1999 average) based on the IPCC 9-model mean over (a) TP, (b) TIO, 
and (c) NWP. (d) Trends (K/decade) for 2000–2099 temperatures averaged over TP (black), TIO (red), and NWP (blue) from 850 hPa to 100 hPa. The or-
ange line indicates the trend (K/decade) in near-surface temperature over the TP. Figure 3(b) was redrawn with IPCC 9 models based on Figure 3(a) in the 
SunGRL paper.  
 
Figure 4  IPCC 9-model mean latitude-height cross-section of JJA temperature changes (K, relative to 1980–1999 average) along the longitude belt (i.e. 
60°–100°E average) over the TP and TIO for 2080–2099. (b) Same as (a), but for the longitude-height cross-section along the latitude belt (i.e., 20°–40°N 
average) over the TP and NWP. Figure 4(a) was redrawn with IPCC 9 models based on Figure 3(b) in the SunGRL paper.  
tropospheric warming may be related to warm advection 
from the tropics and the strengthening of long-wave radia-
tion due to an increase in moisture and clouds [18]. Howev-
er, such warming is clearly slower than that over the tropical 
oceans. Our data suggest that enhanced upper-tropo-      
spheric warming also occurs over the NWP, with a magnitude  
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Figure 5  IPCC 9-model mean longitude-height cross-section of changes (K, relative to 1980–1999 average) in meridional thermal contrasts between the 
latitude belts over the TP and over the TIO for 2080–2099, i.e., the change in difference of the 20°–40°N average minus that for the 10°S–10°N average. (b) 
Same as (a), but for the latitude-height cross-section of changes in zonal thermal contrasts between the longitude belts over the TP and over the NWP, i.e. 
change in difference between the 60°–100°E average minus the 120°–160°E average. Figure 5(a) was redrawn with IPCC 9 models based on Figure 3(c) the 
SunGRL paper.  
greater than that over the TP at the same latitude. Careful 
analysis of the changes in moisture (not shown) reveals that 
it may also be related to the massive release of latent heat-
ing caused by the rise of sea surface temperature. This sug-
gests that the increase in moisture and changes in cloud 
cover explain the enhanced upper-tropospheric warming in 
these areas. Thus, the thermal conditions in the upper-layer 
in the future climate can be affected by a range of factors. 
The involvement of feedback loops under a scenario of 
global climate change can also lead to changes in the dif-
ference within variables between the lower- and upper-layers. 
Last, it should be noted that although many studies [16, 
19,20] have investigated the differences between model 
predictions and observational data of enhanced upper-tropo-      
spheric warming, there remains considerable debate on this 
issue. A recent study [21] suggested that it may be related to 
deviations when calculating various radiosonde and satellite 
data.  
4  Discussions and conclusions  
We evaluated the influence of land-sea temperature rises on 
the SASM and EASM at a range of time scales. In South 
Asia, the changes in the summer monsoon are closely relat-
ed to TCupper at interannual, interdecadal, and longer time 
scales. The long-term weakening trend for the SASM is 
consistent with a decrease in TCupper but in contrast to an 
increase in TClower over the TP-TIO. Conversely, in East 
Asia, the monsoon circulation is significantly correlated 
with TClower at the interannual time scale and with TCupper at 
interdecadal and longer time scales. The long-term increas-
ing trend for the EASM is in contrast to the weakening of 
TCupper, but consistent with the strengthening of TClower over 
the TP-NWP.  
Further analyses of the thermal conditions in the mon-
soon regions suggest that the TP-TIO and TP-NWP land-sea 
thermal contrasts will both strengthen in the lower-layer as 
the temperature increase in near-surface over the TP is 
greater than that in the lower-layer over the TIO and NWP. 
Conversely, in the upper-layer, the enhanced warming over 
the oceans is stronger than that over the TP, weakening the 
thermal contrasts over the TP-TIO and TP-NWP. Thus, the 
maximum temperature rise in the near-surface of the TP 
does not lead to the greatest increase in warming in the up-
per-layer of the region. The most intense warming is instead 
centered over the surrounding oceans due to the release of 
latent heat caused by an increase in moisture associated 
with global climate change.  
Our analyses suggest that the land-sea thermal contrasts 
that drive monsoon formation may differ in the upper- and 
lower-troposphere in the future. As the warming center at 
near-surface does not necessarily correspond to that in the 
upper-layer, the changes in near-surface temperature may 
not be used as the basis for discussing future changes in 
thermal conditions in the upper-troposphere and explaining 
the changes in related circulation in many areas. The changes 
caused by feedback processes during climate change should 
also be carefully analyzed.  
It is interesting that the correlations between the thermal 
contrasts and the SASM and EASM at multiple time scales 
may reflect the influence of external forcing. At interdeca-
dal to longer time scales, the nearly linear increase of tem-
perature likely reflects the influence of forcing caused by 
greenhouse gases. Under this scenario, the SASM and 
EASM relate somewhat differently to the upper- and lower- 
layer thermal contrasts, likely due to differences in the 
properties of the SASM and EASM. The EASM consists of 
tropical and sub-tropical monsoons. The air-pressure gradi-
ent force caused by the land-sea thermal contrast exerts an 
important influence on it. Conversely, the SASM is primarily 
a tropical summer monsoon. As a direct dynamic response 
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to the diabatic heating, the difference between upper- and 
lower-layer winds can be closely linked to the strength of 
the heat sources. Thus, the upper-layer thermal contrast is 
more important for the SASM. However, changes in the 
SASM and EASM at the interannual time scale are likely 
caused primarily by natural forcing. Both are significantly 
correlated to changes in TCupper, which are similar to those 
in the past 50 years. This likely reflects the natural variability 
in the climate and suggests that interactions between the two 
in the future will be similar to those in the current climate.  
We observed some discrepancies in the simulation of the 
thermal conditions over the TP using the current climate 
models. Thus, arguments still remain with respect to the 
difference in enhanced warming over the tropical oceans 
between model output and observational data. Given this, 
the performance of the model needs to be improved with 
respect to simulating monsoon circulation, diabatic heating, 
and the variability at short time scales. Improvements in the 
climate models will continue to provide insights into the 
relationship between thermal conditions and changes in the 
Asian monsoon. 
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